The thermal inactivation and injury (sensitivity to 0.8% NaCI) of a radiationresistant culture of Moraxella-Acinetobacter mixed in minced beef were determined. Survival curves for Moraxella-Acinetobacter cells in beef had an initial shoulder preceding a logarithmic decline when the cells were heated at 65, 70, and 750C, but not at 800C. In all cases, the experimental points not included in the shoulder were linearized by means of a least-squares straight line, and the latter was used to determine D values. Shoulder values of 12.2, 4.1, and 0.6 min at temperatures of 65, 70, and 750C were added to the respective D values of 35.4, 6.6, and 1.4 min to determine the time required to destroy one log cycle. The Z value was 7.3°C. Moraxella-Acinetobacter cells in meat were more rapidly injured than inactivated, on initial exposure to heat. The number of cells injured by this initial exposure increased as the temperature was increased. At 650C the percentage of injured cells increased more rapidly with exposure time than did the inactivated cells. As the temperature was increased, the rates of inactivation and injury became more and more similar.
Cells are not only inactivated by irradiation, but some are injured, with resulting increased sensitivity to such factors as salts (12, 18, 19) and subsequent incubation temperature (4, 9) .
A variety of microorganisms isolated from foods are more radiation resistant than spores of C. botulinum, which are used as the microbial index of safety. The radiation-resistant vegetative bacteria isolated from foods include Micrococcus radiodurans (6, 25) and other micrococci (5, 14) and Moraxella-Acinetobacter (M-A) (26). However, radiation-resistant viruses (24) and vegetative cells such as Micrococcus ra-15S diodurans (1) are heat sensitive (7, 23 ) and would be eliminated or reduced during the thermal process. Any vegetative cells surviving the heat treatment would probably be injured and sensitive to subsequent freezing or irradiation.
Welch and Maxcy (26) isolated a culture (isolate 7) of M-A from raw beef and showed that these asporogenous, gram-variable coccobacilli were able to grow on Trypticase soy agar (BBL Microbiology Systems) over a temperature range of 20 to 370C and were extremely radiation resistant at -30°C. The purpose of this study was to determine the effect of heat treatment on the inactivation and injury (sensitivity to NaCl) of isolate 7. 7 Preliminary experiments showed that a 22-h culture was the most resistant to heat treatment and that most of the coccobacilli were in pairs. The cultures were harvested by centrifugation (3,000 rpm) and suspended in 20 ml of sterile plate count broth to give a final concentration of about 7 x 109 cells per ml.
MATERIALS AND METHODS Test organism. M-A isolate
Thermal treatment. Radiation-sterilized (4.1 Mrad) minced beef, containing (wt/wt) 0.75% NaCl and 0.375% sodium tripolyphosphate, was inoculated with a 22-h M-A culture to give a final concentration of about 108 cells per g of meat. The inoculated meat was ground five times to assure the even distribution of M-A cells throughout the meat. The ground meat (20 g ) was placed in a polyethylene pouch and pressed to a uniform thickness of 3 mm. Each pouch was heat sealed under vacuum and arranged on a metal frame to assure good contact with the water in the bath. The pouches were held for various time intervals in a water bath adjusted to different temperatures (e.g., 65, 70, 75, 80°C) and were subsequently cooled rapidly by dipping in an ice bath. Each experiment was repeated three times.
Recovery. After heat treatment and cooling, the surface of each plastic pouch was sterilized by dipping in 70% ethanol solution followed by washing in sterile water. The 20-g meat samples were aseptically introduced into a Waring blender jar with 180 ml of 0.1% peptone and blended at high speed for 2 min at ambient temperature.
The blended sample was appropriately diluted with 0.1% peptone and pour-plated with PCA, and the creamy-pink colonies were enumerated after incubation at 32°C for 5 to 7 days or as indicated in specific experiments.
Determination ofheat-stressed cells. Uninjured cells were able to form colonies on both PCA and PCA plus 0.8% (wt/vol) NaCl. However, some of the heatstressed cells produced colonies on PCA but not on PCA + 0.8% NaCl. The difference in colony counts with and without 0.8% NaCl was a measure of heat injury.
Come-up time. The come-up time, of meat packed in plastic pouches, to the different temperatures was measured using copper-constantan thermocouples. One thermocouple was placed in the center of the meat, and the other was attached to the metal frame holding the pouch. The latter showed the bath temperature. The results were recorded on a two-point recorder (Linear Instruments Corp., Irvine, Calif.; model 385) as millivolts and translated to temperature (°C). The times reported were the average of four experiments.
D value for logarithmic order of death. The time (minutes) required at a given temperature to destroy 90% of the cells when the survivors were recovered on a salt-free medium was designated D.
17 value for logarithmic order of death. The time (minutes) required at a specified temperature to destroy 90% of the cells when the survivors were recovered on a medium containing 0.8% NaCl was designated D'.
Z value. The change in temperature (°C) which will alter the D value by a factor of 10 was called Z.
Calculation of thermal destruction. The time required for a 20-g meat sample (3 mm thick), in a vacuum-sealed plastic pouch, to reach an internal temperature of 65, 70, 75, or 80°C when placed in a water bath is shown in Fig. 1A . The data in these curves were used to take into account the come-up time when calculating the thermal inactivation of M-A cells.
To calculate D at any temperature, the destruction of bacteria, as a function of time, had to be found. Since time elapsed before the meat reached the bath temperature, the following calculations were made. The total experimental treatment time (t,) was divided into three parts (see Fig. 1B ): (i) the time required for the internal temperature of the meat to reach 55°C (ta) (during ta, no bacteria were inactivated); (ii) the time required for the internal temperature of the meat to go from 55°C to within 0.1°C of the bath temperature (tb -ta); (iii) the time from tb to t, in which the meat was held in a temperature varying no more than 0.1°C from the bath temperature.
Since no cells were inactivated during the time before the meat reached 55°C, ta was deducted from the treatment time (t4). For part (ii) the following calculations were made in order to find the equivalent time (tq) at bath temperature that will give the same destruction as come-up time. The relation between destruction of bacteria at different temperatures is (22):
where DrM is the decimal reduction time of M-A at the meat temperature (TM), and DTB is that time at the temperature of the bath (TB). The meaning of this relation is that the same destruction obtained by 1 min at bath temperature will be obtained by 10(TB-TM)/Z min at any meat temperature (TM). Therefore, the time at the bath temperature that is equivalent to the come-up time is:
There is an exponential relation between time and temperature ( Fig. 1) 
RESULTS
Tolerance of M-A isolate 7 cells to NaCl. The effect of various concentrations of NaCl on the recovery of M-A cells in PCA was studied to find the highest concentration that had no effect on unstressed cells but prevented colony formation by injured cells. The tolerance of unstressed M-A isolate 7 cells to NaCl is shown in (Fig. 4) 4 . Thermal inactivation and injury (inability to form colonies in the presence of 0.8% NaCI) ofM-A isolate 7 in vacuum-packed ground beef at 65°C. Symbols: (0) cells plated with PCA; (A) cells plated with PCA + 0.8% NaCl. The times on the abscissa were obtained as described in Fig. 3. times of 0.08 to 1.23 min (Fig. 6) . When the lines representing uninjured cells (i.e., capable of colony formation on PCA + 0.8% NaCl) were extrapolated, they did not intercept the ordinate at N/No = 1. Rapid injury had resulted on initial exposure to heat. There was only a little of this injury at 650C, but it increased with increasing temperature. The fraction of M-A cells that survived the heat treatment and were uninjured (capable of colony formation on media containing 0.8% NaCl) could be described by two straight lines (Fig. 5, 6 ): a sharp decline resulting from the initial thermal shock, and a more moderate decline after longer treatment times. with PCA + 0.8% NaCl. The times on the abscissa latter, mixed in beef, had aD6o'c = 0.75 mi (7).
were obtained as described in Fig. 3 . Asporogenous cells having a greater heat resistance than M-A isolate 7 include certain therversus temperature (Fig. 7) . The linear regres-moduric bacteria such as Streptococcus thersion lines were used to obtain Z and Z' values of mophilus (D7o°c = 15 min) and Lactobacillus 7.3 and 8.10C, respectively. As temperature in-bulgaricum (D70oc = 30 min) (11) .
creased, the rates of inactivation and injury beDuring the thermal inactivation of enzymes, came more and more similar. The shoulder prior to irradiation, the formulated meat may be shortening with increase of temperature was expected to be at an internal temperature of found to be proportional to changes in D value. 700C for 9 h. Since the D70oc for M-A isolate 7
At temperatures (e.g., 65, 70, 7500) where the was 6.6 min and the shoulder was evident for 4.1 survival curve has an initial shoulder preceding min, the thermal treatment to inactivate ena logarithmic decline, the time required to de-zymes should eliminate these radiation-resistant stroy 90% of the population at a certain temper-vegetative cells. However, in other products that ature will be the D value plus the shoulder may be preserved by irradiation, such as pork length; one tenth of that time will be required to chops or beef steak, the internal temperature destroy 90% of the population as the tempera-during heat treatment reaches 700C for only a ture is increased by 7.30C. (Fig. 4 to 6 ). Similar kinetic behavior of heat-injured bacteria was obtained with Staphylococcus aureus in milk (10) . Thermally injured cells of M-A were more sensitive to subsequent irradiation at -30°C (16) . The shoulder in the radiation survival curve was eliminated by a previous or subsequent thermal treatment which inactivated 90 to 99% of a given population.
The log survivor curves of M-A cells were characterized by a shoulder plus an accelerating death rate, which approached logarithmic death (Fig. 3) . The initial shoulder observed on survival curves can be explained by the initial effect of heating, resulting in injury but no loss in viability. In this study the data analysis was based on the assumption of a shoulder in which no death occurred, followed by logarithmic inactivation. Another approach was recently published by King et al. (15) Since asporogenous M-A cells are more radiation resistant than C. botulinum spores, one initially wonders whether they might not survive and present a problem in radappertized meats. However, when one considers the total process (thermal + 12D irradiation dose for C. botulinum spores) it is evident that the radiationresistant M-A cells at an estimated initial concentration of 102/g of beef (16) would not survive, due to thernal sensitivity, thermal injury, and sensitivity of these injured cells to NaCl and irradiation.
